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Neurons in animal visual systems that respond to global optic flow exhibit selectivity for
motion direction and/or velocity. The avian lentiformis mesencephali (LM), known in
mammals as the nucleus of the optic tract (NOT), is a key nucleus for global motion
processing [1-4]. In all animals tested, it has been found that the majority of LM and
NOT neurons are tuned to temporo-nasal (back-to-front) motion [4-11]. Moreover, the
monocular gain of the optokinetic response is higher in this direction, compared to
naso-temporal (front-to-back) motion [12,13]. Hummingbirds are sensitive to small
visual perturbations while hovering, and drift to compensate for optic flow in all
directions [14]. Interestingly, the LM, but not other visual nuclei, is hypertrophied in
hummingbirds relative to other birds [15], which suggests enhanced perception of
global visual motion. Using extracellular recording techniques, we found that there is a
uniform distribution of preferred directions in the LM in Anna's hummingbirds, whereas
zebra finch and pigeon LM populations, as in other tetrapods, show a strong bias
toward temporo-nasal motion. Furthermore, LM and NOT neurons are generally
classified as tuned to "fast" or "slow" motion [10,16,17], and we predicted most
neurons would be tuned to slow visual motion as an adaptation for slow hovering.
However, we found the opposite result: most hummingbird LM neurons are tuned to
fast pattern velocities, compared to zebra finches and pigeons. Collectively, these
results suggest a role in rapid responses during hovering, and in velocity control and
collision avoidance during forward flight of hummingbirds.
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Summary:

Neurons in animal visual systems that respond to global optic flow exhibit
selectivity for motion direction and/or velocity. The avian lentiformis mesencephali (LM),
known in mammals as the nucleus of the optic tract (NOT), is a key nucleus for global
motion processing [1—4]. In all animals tested, it has been found that the majority of LM
and NOT neurons are tuned to temporo-nasal (back-to-front) motion [4—11]. Moreover,
the monocular gain of the optokinetic response is higher in this direction, compared to
naso-temporal (front-to-back) motion [12,13]. Hummingbirds are sensitive to small
visual perturbations while hovering, and drift to compensate for optic flow in all
directions [14]. Interestingly, the LM, but not other visual nuclei, is hypertrophied in
hummingbirds relative to other birds [15], which suggests enhanced perception of global
visual motion. Using extracellular recording techniques, we found that there is a uniform
distribution of preferred directions in the LM in Anna’s hummingbirds, whereas zebra
finch and pigeon LM populations, as in other tetrapods, show a strong bias toward
temporo-nasal motion. Furthermore, LM and NOT neurons are generally classified as
tuned to “fast” or “slow” motion [10,16,17], and we predicted most neurons would be
tuned to slow visual motion as an adaptation for slow hovering. However, we found the
opposite result: most hummingbird LM neurons are tuned to fast pattern velocities,
compared to zebra finches and pigeons. Collectively, these results suggest a role in
rapid responses during hovering, and in velocity control and collision avoidance during

forward flight of hummingbirds.



Results:

We made extracellular recordings from the LM of hummingbirds and zebra
finches while presenting large-field random dot patterns in the contralateral visual field
(Figure 1A). LM neurons receive direct retinal input, and show simple direction
selectivity across large, but restricted, receptive fields. We used a random dot-field,
rather than a more complex stimulus, because more complicated patterns of optic flow
are processed downstream [18,19]. LM neurons were spontaneously active and
exhibited motion opponency, defined as increased firing in response to large-field
stimulus motion in a “preferred” direction, and decreased firing in the opposite, “anti-

preferred,” direction [4,16,17,20].

We first identified the preferred direction of LM neurons by presenting visual
motion in each of eight directions, 45° apart. Each motion stimulus lasted 5 s, and was
bounded by 5 s pauses. Raw extracellular recordings are shown for one hummingbird
cell during a full trial (Figure 1A), and two zebra finch cells during a portion of a trial,
with higher temporal resolution (Figure 1D). Single units were isolated offline using

amplitude or template spike sorting (Figures 1E,F; S1B; supplementary methods).

Individual neurons were defined as directionally tuned if the response to direction
was significantly non-uniform (Rayleigh test). The total sample size of directionally
tuned neurons was 152 units from ten zebra finches, and 88 units from six
hummingbirds. Thirteen out of 165 (7.8%) zebra finch cells, and eight out of 96 (8.3%)
hummingbird cells, were not direction-modulated, which is similar to the percentage of

non-directional cells previously reported in pigeons [4,21,22]. For comparison, we also



analyzed data from 100 LM units in 38 pigeons, from previous studies in which moving
large-field sine wave gratings were used as visual stimuli [1,4,23—-25]. Because speed
tuning width is maintained for some but not all visual motion neurons when comparing
responses to sine wave gratings and random dot fields [26], we limited our comparison

with pigeon data to just preferred direction and preferred speed.

Directional tuning curves are shown for one hummingbird cell (Figure 1B) and
two zebra finch cells (Figure 1F). Mean firing rate is plotted as a function of the direction
of motion in polar coordinates (forward = 0°, down = -90°, up = 90°, backward = £180°;
Figure S1A; supplementary methods). An analysis of the direction tuning width is also

included in the supplementary materials (Figure S2).

Most zebra finch LM cells prefer temporo-nasal motion (0° in our coordinate
system) as is the case for pigeons (Figure 2). A Rayleigh test confirmed that these two
distributions were non-uniform (both P < 0.0001). In contrast, most hummingbird
neurons are tuned to other directions such that at the population level, the distribution of
preferred directions is uniform (Rayleigh test P = 0.379). We determined confidence
intervals for the population direction preference by bootstrapping the data within each
species (Figure 2D-F). This analysis confirms overall direction preferences of LM
populations for zebra finches and pigeons, but not for hummingbirds. Thus, the uniform
distribution observed in hummingbird LM neurons is unique relative to zebra finches,

pigeons and indeed all other tetrapods studied to date.

We next examined LM activity in response to visual motion speed (Figure 3).

Cellular responses were measured in both preferred and anti-preferred directions over a



range of speeds (0.24, 0.5, 1, 2, 4, 8, 16, 24, 32, 48, 64, 80°/s; presented in random
order) similar to other experiments with birds (LM) and mammals (NOT)
[4,6,10,16,17,20,27,28]. Each motion sweep lasted 5 s, and was bounded by 5 s
pauses. Because recording sites were tested at a single pair of directions, but some
measured multiple neurons with different preferred directions, we had to remove cells
from further analysis. Only LM cells measured in their preferred direction +45° were
included in the speed analysis, leading to sample sizes of 56 and 107 units in
hummingbirds and zebra finches, respectively. Speed tuning curves were calculated as

the mean of five trials.

The responses of neurons to visual motion speed can, in principle, be
categorized by both tuning width and speed preference. We estimated the width of
tuning curves for each cell by summing the number of velocity values that elicited a
firing rate above a given percentage of the maximum firing rate (e.g., # bins above 50%
of max rate) versus that threshold (e.g., 50%) (Figure 3D). Differences between
hummingbird and zebra finch cells were first tested using a linear mixed effects model,
but because we found a significant interaction between threshold and species
(F1,1465=107.207, P < 0.0001), we next fit a linear model to each species separately. The
slope of the relationship between the numbers of speed bins above threshold and the
threshold is more negative in zebra finches (-9.92; y-intercept = 11.45) than in
hummingbirds (-6.66; y-intercept = 7.59), and the lines do not converge over the
meaningful range (thresholds up to 100% of maximum firing). Thus, within the range of
velocities tested, hummingbird LM cells exhibit high relative levels of response for fewer

speed bins than zebra finch neurons. The distributions of the number of speed bins



above 70, 80, and 90 percent thresholds, as well as bootstrapped data for the speed
tuning width (number of consecutive speed bins) at 80 percent of maximum firing rate

are presented in Figure S3 A-D.

From the tuning curves we also calculated the speed preference of each neuron.
We first described the speed preference as a single value — the speed at which
maximum firing was achieved (Figure 3E). The hummingbird and zebra finch data are
plotted along with similar data from pigeons. It is important to reiterate that the data from
our study are derived from experiments using moving dot-fields, whereas the pigeons
were tested with sinusoidal gratings. In addition, the speed test values do not overlap
completely. The average value for the pattern speed with the highest firing rate across
the three cell populations increased from pigeons to zebra finches to hummingbirds.
Despite an average preference for higher stimulus velocities, hummingbirds had a
larger proportion of the relatively low number of slow cells recorded. In hummingbirds,
20% of the LM population (11 cells) prefers speeds < 6°/s, but the majority, 80% of the
population (45 cells), prefer speeds > 6°/s. Conversely, in zebra finches, only 4% of the
population (4 cells) prefers speeds < 6°/s, and 96% (103 cells) prefers speeds > 6°/s.
However, we did not observe strong evidence for distinct populations of “fast” and

“slow” LM neurons.

We next considered the overall response of the LM neuron population to
increasing motion speeds. When accounting for neurons responding at near maximal
levels for multiple motion speeds, the LM responses of both hummingbirds and zebra
finches appear to saturate over the range of speeds tested and we did not measure a

subsequent decline. The saturating response is illustrated in figure 3F, which depicts



the data for neurons responding with at least 80% of their maximum firing rate. Figure
S3 (E-F) provides the data for 70% and 90% of maximum firing. We fit sigmoidal curves
to the hummingbird and zebra finch LM population responses to increasing speeds,
allowing slope or inflection point parameters to vary by cell. Comparisons of the fitted
parameters for the two species indicate that hummingbird LM cells show a strong
preference for high-velocity visual motion. Responses of zebra finch LM cells to
increasing speed saturate more quickly (higher slope, F1,14 = 26.78; P < 0.0001) and at
lower stimulus velocities (inflection point at lower speed, F1,14 = 25.86; P < 0.001).
Because we did not test higher speeds, we cannot exclude the possibility that
hummingbird LM neurons are high pass rather than band pass filters. Regardless, the

hummingbird LM response is significantly shifted toward higher motion speeds.

A notable feature of the speed tuning curves was a difference in the extent of
overall excitation and suppression between zebra finch and hummingbird LM neurons
(examples in Figure S4). To determine if this difference was significant, we quantified
the level of excitation and suppression as the area under each of the two speed tuning
curves (one for each direction) for each unit. Plotting the area under the anti-preferred
direction tuning curve versus the area of the preferred direction curve leads to three
plausible options for how relative firing rate of a neuron can encode visual motion
preference. Values greater than zero indicate overall excitation, whereas negative
values indicate overall suppression. Thus, the lower right quadrant of Figure 4A
includes LM cells that were excited in the preferred direction and suppressed in the anti-
preferred direction relative to the spontaneous firing rate. An example of a zebra finch

neuron with these firing characteristics is provided in Figure 4C. The upper right



quadrant contains cells that were excited in both directions, and an example cell from a
zebra finch is depicted in Figure 4B. The lower left quadrant contains cells that were
suppressed in both directions, and an example cell from a hummingbird is provided in
Figure 4D. The upper left quadrant contains no cells by definition because the preferred

direction is defined by higher relative firing.

At the population level, while still overlapping, hummingbird and zebra finch LM
neurons are shifted apart along the suppression-excitation axes (Figure 4A).
Hummingbird LM neurons have significantly lower excitation (smaller area under the
curve) in the preferred direction (F1,14 = 35.91; P < 0.0001), and significantly greater
suppression in the anti-preferred direction (F1,14 = 8.09; P = 0.013) compared to zebra

finch LM neurons.

Discussion:

Hovering hummingbirds are highly sensitive to coherent background motion in all
directions in their visual field, and adjust their three-dimensional position to compensate
for this motion [14]. This strong response to global motion direction was not matched
with a tuned response to changes in stimulus pattern speed, though only a few pattern
speeds were tested [14]. Heightened sensitivity, during hovering flight, to direction
rather than velocity suggests that hummingbirds have neural specializations to detect
global motion direction stimuli.

The LM is a pretectal nucleus and one of two midbrain nuclei associated with the
accessory optic system (AOS) that process global motion direction and velocity. The LM

is hypertrophied in hummingbirds and enlarged, but to a lesser extent, in transiently



hovering species [15]. This enlargement may represent a neural specialization related
to hovering flight. lwaniuk and Wylie (2007) proposed that a greater relative number of
LM neurons preferring slow speeds could aid stabilization during hovering [15]. The
goals of the present study were to test this hypothesis and also determine whether the
direction preferences of the hummingbird LM conform to the tetrapod pattern.

Previous studies with tetrapods have demonstrated that the direction preferences
of LM neurons, or neurons in the homologous NOT, are biased towards temporo-nasal
motion. For example, a ['4C]2-deoxyglucose study in chicks has shown increased
glucose uptake in LM cells during motion in the temporo-nasal direction [3].
Furthermore, in pigeons, 53% of recorded LM cells preferred forward (temporo-nasal)
motion, whereas the remaining cell preferences were distributed amongst backward,
downward, and upward motion [4]. This bias is consistent with other pigeon LM data
[10,20,29], and across other tetrapod species, including chicks [3], turtles [30], frogs
[31,32], salamanders [33], wallabies [7], rabbits [34], and cats [6]. It is less clear
whether this holds for optic-flow-sensitive neurons in the pretectum of fish, which do not
show the same bias for temporo-nasal motion observed in the tetrapod LM or NOT [35—
38]. The current study demonstrates that hummingbird LM neurons deviate strongly
from the tetrapod pattern by having no directional bias at the population level (Figure 2).

LM neurons are further characterized as being selective for velocity, with a
preference for either “slow” or “fast” speeds [10], and exhibiting a correlation between
temporo-nasal direction preference and slow speed preference [4,17]. Using large-field
grating patterns in pigeons, fast cells prefer low spatial frequencies (SF) and high

temporal frequencies (TF), whereas slow cells prefer high SF and low TF [1,4,16]. Other



previous studies, which used random dot-fields in pigeons, classified 82% of measured
LM cells as “fast” (>6°/s), and 18% as “slow” (<6°/s) [17]. If we apply this threshold
(6°/s), we find that 20% of hummingbird LM neurons are “slow” cells, while only 4% of
zebra finch LM neurons had maximal firing at a slow velocity. Compared to zebra
finches, we found that hummingbird LM neurons are more selective for a preferred
speed over the range of velocities we tested, and prefer faster visual motion (Figure 3).
Although the percentage of “slow” cells based on a 6°/s threshold is similar in
hummingbirds and pigeons, we did not observe a clear distinction between fast and
slow LM neuron populations in either zebra finches or hummingbirds. Moreover, when
previously published pigeon data are presented in the same manner (Figure 3E), there
is no obvious bimodal distribution for this species either. This is likely due to spatio-

temporal, rather than velocity, tuning [4].

The LM has a reciprocal relationship with the nucleus of the basal optic root
(nBOR) of the AOS; both are retinal-recipient midbrain nuclei and project to each other.
Unlike the population-level preference for temporo-nasal motion observed in the pigeon
and zebra finch LM (Figure 2), studies in pigeons show that nBOR neurons prefer
upward, downward, and naso-temporal motion, with very few cells (~5-10%) preferring
temporo-nasal motion [1,39]. Similar direction preference distributions have been shown
in the nBOR of turtles [40] and chickens [41]. Furthermore, the nBOR is homologous to
the mammalian medial and lateral terminal nuclei of the AOS [5,8,42], which contain
direction-sensitive neurons that respond best to vertical motion [43—45]. In mammals,
the AOS also contains the dorsal terminal nuclei, which have cells that respond

preferentially to horizontal motion [45,46]. The complementary LM-nBOR relationship is



further demonstrated by their responses to global motion direction; the LM receives

inhibitory inputs from slow nBOR cells that prefer motion of the opposite direction.

Compared to zebra finches, hummingbird LM neurons are more suppressed by
motion in the anti-preferred direction and less excited by motion in the preferred
direction (Figure 4). The strong inhibition of hummingbird LM neurons by motion in the
anti-preferred direction (Figure 4A) could be attributed to an nBOR-mediated
mechanism that drives speed tuning (i.e., disinhibition of nBOR). The expansion of the
direction preference distribution that we found in the hummingbird LM suggests that the
complementary relationship observed in pigeons between the LM and nBOR is not

apparent, or may not function in the same way, in hummingbirds.

The ability to sustain hovering flight in hummingbirds is unique among
vertebrates. The motion preferences and firing properties of LM neurons are also
distinct from all other tetrapods in several respects, which supports the hypothesis that
hummingbirds have neural specializations for flight mode [15]. The uniform distribution
of direction preferences in the hummingbird LM is unique among all tetrapods studied to
date, and in combination with their preference for faster speeds, suggests heightened
sensitivity to global motion at high speeds. Such sensitivity could be beneficial during
hovering when birds are close to visual features that will produce high global motion
velocity in response to even small changes in position. This specialization may also play
a role in more dynamic behaviors such as competitive interactions, high-speed
courtship displays and insect foraging [47—49]. Testing this hypothesis will require
moving to visual stimuli relevant to more complex flight modes [50] and in higher order

brain centers [11,51].



Experimental Procedures:

We used standard extracellular recording techniques to study the LM of
anesthetized birds while presenting a computer-generated moving dot-field to the
contralateral eye (Figure 1A,C; Figure 3A). Details of the surgical and recording
procedures, visual stimulus, and statistical approaches are provided in the
Supplemental Information. All spike-sorted data and analysis scripts are available via

figshare (URL will be available after acceptance).

Experimental subjects included ten adult male zebra finches (Taeniopygia
guttata; Eastern Bird Supplies, Quebec, Canada), six adult male Anna’s hummingbirds
(Calypte anna; caught on the University of British Columbia campus, October 2014 —
April 2015). All experimental procedures were approved by the Animal Care Committee

of the University of British Columbia.

Supplemental Information

Figure S1; Figure S2; Figure S3; Figure S4

Supplemental Experimental Procedures

For data and analysis, see the statistical supplement available here: (Link will be added

upon final acceptance).
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Figure Legends:

Figure 1. Representative data depicting preferred direction analysis. A: A
representative raw trace of an extracellular recording of a hummingbird LM neuron.
Arrows indicate direction of dot-field motion, broken lines indicate paused stimulus. The
hummingbird illustration shows the bird’s head orientation during stimulus presentation.
B: A polar plot of the mean firing rate (spikes/s) in response to motion in each direction
(green circles) for the neuron in A with a B-spline fit to the mean firing rates +SE (thick
magenta * thin). The gray line indicates spontaneous activity (spikes/s). F = forward
motion (temporo-nasal), U = up, B = backward (naso-temporal), D = down. C: A portion
of a raw extracellular recording of a zebra finch LM. D: A zoomed in portion of the trace
in panel C with spikes from two different neurons (red, blue) sorted from the raw trace
(black). E: An overlay of the average waveforms of 20 consecutive spikes (£ SEM) for
each of the two classes of spikes identified in D. PCA cluster analysis for these two cells
is provided in figure S1B. F: Polar plots for the direction-modulated response for each
cell in panel D. Red and blue lines are means +SE, gray = spontaneous activity.

Direction tuning width analysis is provided in figure S2.

Figure 2. Hummingbird LM cells have a uniform distribution of preferred
directions, whereas zebra finches and pigeons prefer forward motion. A-C:
Individual cell analysis. Rosette plots show the distribution of preferred directions within
the recorded LM populations. Each colored circle represents the preferred direction of a
single cell. The circular distributions of preferred directions are calculated as two von
Mises parameters: u the location of central tendency on the circle, and k, a descriptor of

the concentration at that location. For zebra finches, p was 6.02° £ 5.761° (95% CI:



8.74° t0 2.65°) and k: was 1.24 + 0.148. For pigeons, y was -7.63° + 11.57° (95% CI: -
5.5°10-9.2°) and Kk was 0.722 £ 0.155. The hummingbird LM population has a uniform
distribution. D-F: Population analysis. We resampled with replacement the responses of
individual neurons 1000 times each, to generate 1000 LM cell populations for each
species. Each circle represents the preferred direction of an entire LM population that
passed the Rayleigh test. In hummingbirds (D), 21/1000 populations had a preferred
direction, always generally downward. In zebra finches (E),1000/1000 populations were
non-uniform with population direction preference (u) of 5.71° £ 0.061°, and
concentration (k) of 898.3. In pigeons (F),1000/1000 populations were non-uniform with
population direction preference (u) of -7.31° £ 0.041°, and concentration (k) of 1998.

Bird illustrations indicate the head orientation.

Figure 3. Hummingbird LM neurons prefer higher visual motion speed than zebra
finches LM neurons. A representative raw trace shows an extracellular recording from
the zebra finch LM during the velocity tuning experiment (A). Arrows indicate direction of
dot-field motion; broken lines indicate paused stimulus. The zebra finch illustration
shows orientation of the bird’s head during stimulus presentation. Representative
velocity tuning curves for a hummingbird (B) and a zebra finch (C) LM cell depict
normalized firing rate (+tSEM) plotted against the stimulus velocity (log scale) in the
preferred (black squares) and anti-preferred directions (gray diamonds). The dashed
gray line indicates a threshold of 80% of the maximum firing rate. Box plots of grouped
data (D) depict the number of speed bins at successive thresholds (percentages) of the
maximum firing rate for hummingbirds (magenta triangles) and zebra finches (orange

circles). Magenta and orange diamonds indicate mean. Speed preferences of LM



neurons are plotted using two different criteria: (E) the proportion of the LM population
for each species that reaches maximal firing at a given stimulus velocity (a single value
for each cell); (F) the proportion of the LM cells that have a firing rate above 80% of
their maximum firing rate at each stimulus velocity. Figure S3 provides supplemental
visualizations of velocity tuning width analysis and speed preference plots showing the
proportion of the LM population responding at additional percentages of the maximum

firing rate.

Figure 4. Hummingbird LM cells are less excited than zebra finch cells by motion
in their preferred direction, and are more suppressed by motion in their anti-
preferred direction. The magnitude of excitation and suppression is calculated as the
area under the velocity tuning curve (AUC) in response to motion in the preferred and
anti-preferred directions, respectively. The two AUC values are plotted against each
other with error bars (SD) calculated from AUCs for 1000 bootstrapped simulations of
each cell's responses (A). Representative velocity tuning plots (B,C,D) demonstrate
mean response (+tSEM) to motion in the preferred (black squares) and anti-preferred
(gray diamonds) directions of cells that fall into quadrants b, ¢, and d, respectively. In
some cases, the error bars are occluded by the symbol at a given response value.
Magenta triangles = hummingbird LM cells; orange circles = zebra finch LM cells.

Further examples of speed tuning curves are provided in figure S4.
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Figure S1. Related to figure 1. Peristimulus time histograms depicting responses
of a single zebra finch cell to motion in eight directions and subsequent pauses.
A: Peristimulus time histograms (PSTHs) in response to each direction of motion for a
zebra finch LM neuron. Each PSTH is the sum of 5 sweeps (100 ms bin width). For
each sweep, there was 5 s of motion in one direction (arrow), followed by a 5 s pause
(dashed line). The zebra finch head illustration indicates the head orientation relative to
the motion direction indicated by arrows in the PSTHs. B: PCA cluster analysis of the

two cells shown in Figure 1D-E.
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Figure S2. Related to figure 1. The direction tuning curves indicate that there is
no difference in direction tuning width at angles less than +45° from the preferred
direction. A: Differences in preferred direction tuning width between hummingbirds,
zebra finches and pigeons is illustrated by plotting the von Mises distribution fit to each
LM neuron, and aligning the preferred directions (center parameter y) so that
differences in relative shape can be observed. Hummingbird curves are magenta; zebra
finch curves are orange; pigeon curves are blue. Subpanels a-d plot the normalized
firing rate versus relative proportion of the LM population (for each species) at given

angles from the preferred direction, which is normalized to 0°.
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Figure S3. Related to figure 3. Supplement to velocity tuning width analysis and
preferred speed data. The proportion of the LM population at each ‘number of speed
bins above threshold’, using a 70% (A), 80% (B), and 90% (C) of maximum firing rate
threshold. Bootstrapping the velocity tuning width data (number of consecutive speed
bins) at the 80% threshold gives confidence intervals (1000 populations). Means plus
standard error are plotted (D). The preferred speed analysis is expanded by examining
the proportion of the hummingbird (magenta) and zebra finch (orange) LM populations
that fire at rates greater than 70% (E) and 90% (F) of maximum firing at each stimulus
speed. Bootstrapping the preferred velocity data using the 80% of maximum firing
threshold (1000 populations) provides confidence intervals for these data for both

species (G).
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Figure S4. Related to figure 4. A series of representative speed tuning curves for
hummingbird (A) and zebra finch (B) LM cells. Mean firing rate tSEM (normalized to
max excitation) is plotted against stimulus velocity. Black squares = response to motion
in preferred direction; gray diamonds = response to motion in the anti-preferred

direction.



Supplemental Experimental Procedures:

Animals.

All experimental procedures were approved by the University of British Columbia
Animal Care Committee in accordance with the guidelines set out by the Canadian
Council on Animal Care. Experimental subjects included ten adult male zebra finches
(Taeniopygia guttata; Eastern Bird Supplies, Quebec, Canada), six adult male Anna’s
hummingbirds (Calypte anna; caught on the University of British Columbia campus,

October 2014 — April 2015).

We focused on hummingbirds because this clade has hypertrophied LM nuclei,
which is hypothesized to be neural specialization for their hovering flight. We selected
C. anna because there is considerable information available about its retinal and brain
anatomy [S1,S2], as well as its visually-guided flight behavior [S3—-S5]. We compared C.
anna with data we collected for T. guttata because zebra finches are small songbirds
that also have high wingbeat frequency [S6]. The analysis also includes similar data
from pigeons that were collected in a previous study [S7-S11], which we included

because this species is the dominant model for visual neuroscience studies in birds.

Although these three species have different foraging behavior and some
difference in flight modes, they have generally similar performance in at least some
metrics. The maximum flight speeds obtained in wind tunnels are 12-14 m/s for different
hummingbird species [S12-S14], 12-14 m/s for zebra finches [S15-S17], and up to 20

m/s for pigeons [S18]. The maximum flight speeds during courtship dives in



hummingbirds are 27 m/s [S19], but to our knowledge similar data for the presumed

maximum speeds of zebra finches and pigeons are not currently available.

Anna’s hummingbirds and zebra finches have similar eye sizes. The transverse
diameter of C. anna eyes is 5.33 + 0.49 mm [S20] and T. guttata eyes is 5.8 to 6.8 mm
[S21]. Thus we do not expect major differences in velocity tuning due to eye size

difference [S22].

Surgery and electrophysiological recording procedures.

Each bird was anesthetized by intramuscular injection in the pectoral muscles
with a ketamine/xylazine mixture (zebra finch: 65 mg/kg ketamine / 8 mg/kg xylazine;
hummingbird: 50 mg/kg ketamine / 8 mg/kg xylazine). Supplemental doses were
administered as required. Subcutaneous injections 0.9% saline were given to maintain
fluids. Once anesthetized, birds were placed in a custom-built stereotaxic frame (Herb
Adams Engineering, Glendora, CA, USA) with ear bars and an adjustable beak bar
suitable for both species. In hummingbirds, the ear bars were inserted into the external
auditory meatus to firmly hold the skull so that the brain could be positioned in
accordance with unpublished histological studies in the Anna’s hummingbird. The LM
coordinates were calculated using serial photomicrographs of fixed, Nissl stained brain
sections. In zebra finches, the ear bars were pinned against the otic process of the
quadrate bone, which lies in the anterior part of the opening to the external acoustic
meatus. This allowed for positioning of the head in accordance with the stereotaxic atlas
of the zebra finch brain (Konishi, unpublished). The head was angled downwards at an

angle of 45° to the horizontal plane. Using these coordinates, sufficient bone and dura



mater overlying the right telencephalon were removed to expose the surface of the brain

and allow access to the LM in the vertical axis.

Extracellular recordings were made using glass micropipettes filled with 2 M NaCl
and having tip diameters of 8-10 ym (outer diameter). The signal was amplified
(x10,000; A-M Systems, Inc., Model 3000 differential amplifier; Sequim, WA), band pass
filtered (0.1 — 3 kHz), sampled at 30 kHz (Digidata 1440A; Molecular Devices;
Sunnyvale, CA) and recorded using AxoScope (version 2.0.14) software. The visual
stimulus computer sent a TTL pulse to the recording computer indicating each stimulus

change.

Spike sorting.

Digitized spike traces were analyzed offline with Spike2 for Windows software
(Cambridge Electronic Design; Cambridge, UK) and Matlab (R2014b; MathWorks;
Natick, MA). Single units were classified offline using the spike sorting program in
Spike2. Spikes (wave-marks) were extracted from the raw trace (waveform) using full-
wave templates created using two trigger thresholds to exclude noise and capture
spikes. The template window was expanded to encompass the full spike; 60% of points
in the spike had to match a given template in order to be added to that template code.

Similar templates were grouped together using PCA cluster analysis.

Visual stimulus presentation.
Neurons in the LM are identifiable based on their high levels of spontaneous

activity and motion sensitivity. They are selective for direction, velocity and size of large-



field visual stimuli [S7,S23-S25]. Direction selectivity was initially assessed using a
handheld stimulus (random black pattern on white board) moved in several directions in
the contralateral visual field at a range of speeds. Once a responsive site was isolated,
a computer monitor (144 Hz, 83° X 53°, ASUS) was positioned 30 cm away and tangent
to the viewing eye for stimulus presentation. LM neurons have large receptive fields that
can encompass the entire visual hemifield [S24,526]. Therefore, we attempted to center
the monitor in the cell’s receptive field. To test the response properties of LM cells to
visual motion, two stimulus programs were created using Psychophysics Toolbox-3
[S27-S29] in Matlab. The first program generated a plane of randomly positioned black
dots (2.1° diameter) on a white background, covering the entire screen. The dots were
moved at 36°/s in eight directions 45° apart, with the bill at 0°. In addition, in some
cases, the dots were moved at 1°/s, though these recordings were ultimately not used in
the preferred direction analysis. Each sweep consisted of 5 s of motion, followed by a 5
S pause, in each of the eight directions, and five sweeps were recorded at each site.
Peristimulus time histograms (PSTHs; bin size = 250 ms) were generated for each 5 s
stimulus. We generated a polar plot showing the directional tuning curve for each LM
neuron by averaging the firing rate in each of the eight tested directions and fitting a B-
spline function to these points. To determine whether a cell had a preferred direction we
started with Rayleigh'’s test for uniformity. If a cell’s responses were found to be non-
uniform (P < 0.05), we determined a preferred direction for each cell by calculating a
mean vector using the following equation, where FR = firing rate and n = the eight

directions of motion (Graham and Wylie 2012):



Preferred direction = tan™?! (

Y .(FR, X sin Hn)>
Y (FR, X cos@,)

The mean vector calculation was matched with a maximum likelihood method to
estimate parameters for a circular von Mises distribution to the firing data. These
distributions are like normal distributions that can wrap around to accommodate circular
data. Two parameters are estimated: a center for the distribution, y and a concentration,
K that have similar meaning to the mean and standard deviation values for normal

distributions. Both estimates give almost identical results for preferred direction.

Neurons were considered to be in the LM if they were spontaneously active and
exhibited non-uniform excitation in response to motion in a “preferred direction.”
Typically, this was accompanied by suppression in the “anti-preferred direction.” This
response distinguishes LM cells from neighboring visual regions, such as the optic

tectum and nucleus rotundus [S30].

We examined whether hummingbirds and zebra finches differ in the specificity of
their response to direction, in other words, the width of the tuning curve (Figure S2). At
thresholds less than 70% of the maximum firing rate, zebra finches have a narrower
direction tuning width than hummingbirds. At angles greater than 45° from the preferred
direction, a greater proportion of the zebra finch and pigeon LM cell population is closer
to the spontaneous firing rate, meaning they are more narrowly tuned to direction than
hummingbirds (Figure S2c-d). However, at the preferred direction + 45°, there is no

difference in direction tuning between the two species.



Once a preferred direction was established, a velocity tuning curve was
generated for each neuron using a second Matlab script. The same random dot pattern
used for direction tuning was used, but the dots were moved at a series of randomly
presented speeds (0.24, 0.5, 1, 2, 4, 8, 16, 24, 32, 48, 64, 80°/s). Each sweep consisted
of randomly interspersed trials in which dots were moved in the preferred or anti-
preferred direction at each speed (5 s of motion followed by a 5 s pause; trials randomly
selected without replacement). All dots were moved coherently at a constant speed.
Neuronal spikes were analyzed by calculating the mean firing rate from 5 sweeps for

each speed in both directions.

To quantitatively analyze the responses of LM neuron populations in
hummingbirds and zebra finches to increasing motion speed, we fitted sigmoidal curves

to normalized firing data from the velocity tuning curves. The sigmoidal function:

a
1 4+ e—s*(speed—c)

response (speed) =

has three parameters: a is the upper asymptote, s is the slope, and c is the inflection
point. Two separate models were fit to data from each species where either slope (s) or
inflection point (c) were varied with a random effect of cell within site within track within
bird. These two variations created a set of slopes and inflection points that could then
be compared to determine differences between hummingbird and zebra finch LM

responses to different motion speeds.



Statistical Analyses.

We examined the directional properties of 152 zebra finch LM units and 88
hummingbird LM units using a moving plane of random dots. We compared these data
to the direction preferences of 100 pigeon LM units tested with drifting sine gratings. We
used the Rayleigh test and von Mises distribution values for data from each species to
analyze preferred direction bias at the cellular and population levels. Individual LM
neurons included in the results analyses had to have a non-uniform distribution of firing
rates in response to motion, and thus a preferred direction. In addition, to be included in
the speed tuning width and speed preference analyses, LM neurons had to be tested in
their preferred direction during the velocity tuning stimulus. Because cells within
recording sites could only be isolated and analyzed for preferred direction after the
experiment was completed, some cells were excluded from the velocity tuning analysis

on this requirement.

All statistical analyses were performed on mean firing rates using R 3.1.2. Firing
rates for each cell were normalized to the mean spontaneous firing rate for that cell. The
average spontaneous firing rate for all LM cells was 31.6 Hz (+ 3.0 SEM) for
hummingbirds and 25.3 Hz (x 1.9) for zebra finches. In the preferred direction, the firing
rate increased by 12.8 Hz (+ 2.2) on average in hummingbirds and by 22.8 Hz (£ 2.1) in
zebra finches. Motion in the anti-preferred direction caused a decrease in the firing rate
of 4.6 Hz (x 1.3) in hummingbirds and an increase of 0.9 Hz (+ 0.9) in zebra finches. We
analyzed circular distributions for preferred direction data using the circular package

0.4-7. We analyzed velocity tuning data using mixed effects regression models in the



nime package 3.1-118, with a random effect of cell nested within site within track within
individual to account for non-independence of repeated measures. Preferred direction
(Figure S2), velocity tuning width (Figure S3D), preferred velocity (Figure S3G) and area
under the curve (Figure 4) data were bootstrapped to obtain confidence intervals. We
bootstrapped the data within each species by randomly sampling with replacement the
responses of each cell to each stimulus treatment. Each cell was simulated 1000 times
to generate 1000 LM populations. Hypotheses were evaluated using the multcomp

package 1.3-8, and P-values < 0.05 were considered statistically significant.

Histology.

India ink injections (50-100 nL) or BDA injections (1%, 4.5 yA, 7s on/7s off, 15 min,
D1956 ThermoFisher) were made at the end of experiments to confirm recording sites.
Animals were given a lethal dose of ketamine/xylazine (i.m.) and immediately

transcardially perfused with 0.9% saline followed by 4% paraformaldehyde.
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